In the effort to scale down metal-oxide-semiconductor devices, there is a need for higher quality thin dielectrics. Nitridation of SiO, in ammonia has been shown to decrease interface state generation, but incorporation of hydrogen in the films acts to increase the electron traps. '-' Recent experiments on silicon oxides grown in N,O showed that the incorporation of nitrogen into these films decreased the interface state generation without increasing the electron traps.&' To study the causes of this improvement, we have used high resolution chemical depth proI% ing in conjunction with x-ray photoelectron spectroscopy (XPS) to examine the concentration and the chemical bonding of the nitrogen as functions of depth in the oxide. The 5-10 A depth resolution of this technique allows higher resolution measurements than have been reported by other authors.7-10 We find that the nitrogen concentration profiles are different for N,O oxides grown in a rapid thermal annealer (RTA) than those grown in a conventional furnace. The RTA oxides have a peak of nitrogen at the Si-SiO, interface, whereas the furnace oxides have a roughly uniform distribution of nitrogen. The nitrogen at the interface is correlated with interface state generation under Fowler-Nordheim current injection, with fewer states generated in the RTA oxide, which has more nitrogen at the interface than the furnace oxide. An observed shift in the XPS N 1s binding energy of --0.4 eV from the bulk to the interface is approximately consistent with the shift due to a N-Si bond, indicating that the nitrogen may have a silicon coordination of two in the bulk and three at the interface.
The oxides were grown on ( 100) n-type silicon, with resistivity 9-l 1 fi cm for the electrical devices and 0.07-0.15 8 cm for the XPS samples. After a standard cleaning and final HF dip, oxides were grown in either pure NsO or O2 in either a conventional furnace or an RTA (AG Heatpulse 610). All oxides were grown at 1000 "C, followed by 1000 "C N, anneal for 60 s (RTA) or 10 min (furnace), to yield film thickness of 50-150 A. The devices for capacitance measurements had in situ-doped p + polysilicon electrodes of area l0-7-10-2 cm2, with a 900 "C furnace activation anneal, and a 440 "C!, 30 min final Hz/N2 anneal.
Initial interface state densities for both O2 and N20-grown oxides were 2-4 X 10" states/eV/cm2.
The XPS spectra were taken using an SSL-100-03 photoelectron spectrometer, which uses Al Ka x-rays (1486.6 eV). The chemical depth profiling for XPS measurements was done by a spin-etch process." Samples were spun at 2000-3000 rpm while solutions of 1O:l:l or 5:l:l ethanol:HF:HzO were continuously dropped on the sample, followed by an ethanol spin rinse. This process gives clean, uniformly etched oxides, and allows control of final thickness to 5-10 A. The thickness of the etched oxides was calculated from the XPS peak intensity ratio of Si 2p (oxide) :Si 2p (substrate). The rms roughness of the etched oxides measured by atomic force microscopy was <3 A over areas of 0.01-0.25 ,um2. Approximately one monolayer of carbon contamination and fluorine etching residue was detected.
The nitrogen concentration depth profiles for an RTA N20 oxide and a furnace N20 oxide are shown in Fig in Fig. 1 is an average over the 5-10 w difference in thickness between etched oxide samples, raJher than an exponentially weighted average over the 20 A effective esca$e depth (electron exit angle of 55"). This technique gives better depth resolution than Auger sputter depth profiling, and avoids damage from the ion bombardment. The measured N and 0 1s peak intensities approach zero as the oxide is etched down to a monolayer, which is evidence of no appreciable nitrogen in the substrate. Therefore, the nitrogen in the layer nearest the interface was calculated assuming no nitrogen in the substrate. Separate measurements of identical wafers showed a reproducibility of *O. The binding energies of the XPS photoelectrons reveal chemical and structural information about the oxide. In the bulk of the NzO oxides the N 1s peak occurred at 295.3 & 0.1 eV above the Si 2p oxide peak. (Referring to the Si 2p oxide peak corrects for charging of the insulator.) By comparison we measured the N 1s to Si 2p nitride peak separation to be 296.3 eV for an 1100 A chemical vapor deposited S&N4 film. Values from the literature show the Si 2p peak energy for S&N4 to be 1.7AO.l eV below the Si 2p peak energy for Si0,.'3-15 The nitride measurement thus gives an expected N 1s to Si 2p oxide separation of 294.6 a0.1 eV for a N atom bonded to three Si atoms in a N20 oxide. This is 0.7hO.2 eV below the separation measured in the N20 oxides. To explain these results we note that a N atom bonded to two Si atoms and one 0 atom would have a N 1s energy -2.5-3.0 eV above that of a N atom bonded to three Si atoms, much larger than our observed difference. This value is estimated from the + 2.0-2.5 eV N 1s shift per N-O bond in various nitrates,"j and the -0.5 eV shift per N-S1 bond in Si,N,. 13,17 This indicates that the number of N-Q bonds in these N20 oxides is below our detection limit of 0.2% of a monolayer. The most likely explanation of the N 1s peak position is that each N atom is bonded to only two Si atoms, with the remaining bond being a hydrogen or dangling bond. The additional shift of up to 0.4 eV can be attributed to the chemical environment of the Si atoms, which in the NzO oxides are bonded mostly to 0 atoms, and in Si,N, are bonded to less electronegative N atoms. For both O2 and N,O oxides, the peak positions for 0 Is, Si 2p oxide, and F 1s (etching residue on surface) shift to lower energies by the same amount relative to the Si 2p substrate peak as the etched oxide thickness decreases below 50 b;. Consistent peak shifts for all oxide elements can be attributed to charging of the oxide or to image charge effects arising from the proximity to the conducting substrate.'* An electron flood gun does not change the peak positions for oxides with thickness < 30 A;, indicating that image charge effects play the dominant role in shifting the peaks for thickness < 30 A,. In the N20 oxides, the N 1s peak also shifts to lower energies near the interface, but by a larger amount than the other peaks. To distinguish possible chemical shifts from the image charge effects, the energy separations of the N and 0 1s peaks from the Si 2p oxide peak are shown in Fig. 2 . The separation of the oxygen and silicon peaks remains constant throughout the film, but the nitrogen peak shifts to lower energy near the interface, for both RTA and furnace oxides. This indicates a changing environment for the nitrogen, which we attribute to chemical rather than structural changes, such as strain near the interface," because we see no evidence of strain-shifted 0 1s or Si 2p oxide peaks. The measured shift of -0.4 eV for the N 1s peak is approximately consistent with the shift expected from the formation of a N-Si bond.13*17 Of course, the interpretation of this measurement must consider the possibility of the formation of nitrogen bonds to the surface contamination layer. Angleresolved measurements are in progress to resolve the effects of these bonds, but we note that surface bonded N atoms generally provide only a portion of the N 1s signal. Assuming that surface impurity bonds have little effect on the peak shift, we interpret the data as indicating that at a distance > 30 A from the interface, the nitrogen may be bonded to only two silicon, and near the interface be bonded to three silicon. This is consistent with the discrepancy in N 1s peak energies between bulk N20 oxides and Si3N4 films. In this model, the nitrogen is substitutional for oxygen in most of the oxide, but at the interface there is the possibility of an additional bond to a substrate silicon atom, which may remove an interface state precursor defect. The oxides grown in N,O were more resistant to interface state generation under Fowler-Nordheim injection than those grown in 02, in agreement with other researchers.- Figure 3 shows the density of generated interface states at midgap, AD,, as a function of fluence through the oxide. The devices were stressed at constant positive gate bias to give currents of -1 mA/cm', and ADi, was calculated from high and low frequency capacitance-voltage curves measured immediateIy after stress. The RTA NzO oxides had less interface state generation than the furnace N20 oxides, consistent with the smaller amount of nitrogen at the furnace oxide interface. This indicates that [Nl:( [Nl + [0] ) of greater than 0.06 at the interface could further improve the oxide quality.
In summary, we have measured with high depth resolution the composition and chemical structure of oxides grown in NzO. The nitrogen concentration profiles are different for RTA and furnace oxides, indicating different oxidation kinetics for the two growth processes. A change in nitrogen bonding near the interface in comparison to that found in the bulk of the N,O oxides is also observed by XPS, The experimental observations are consistent with the N atoms being bonded to two Si atoms in the bulk of the oxide, and three at the interface. The third bond at the interface is postulated to play a role in the observed reduction of interface state generation under current injection for oxides with increasing interfacial nitrogen.
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